with the natural ligand, allosteric modulators allow for a more controlled and selective action on the receptor (Figures 1B). In fact, most allosteric antibodies may have little or no effect on receptor function until the active site is bound by the orthosteric endogenous ligand ( Figure 1C ). However, certain allosteric antibodies can directly stimulate cellular functions in the absence of the natural ligand, and can also act in concert with this ligand (Figure 2A ). This type of antibody has been termed a positive allosteric activator (PAA). Moreover, certain allosteric antibodies can either enhance or inhibit the activity of the natural ligand ( Figure 2B ). These latter types of antibodies have been termed either positive allosteric modulators (PAM) or negative allosteric modulators (NAM). 3 It has been suggested that monoclonal antibodies to the insulin receptor (INSR) may be useful in various disorders of glucose metabolism including hyperglycemia and hypoglycemia. 6 We have recently produced allosteric antibodies that regulate INSR signaling by either direct activation, or positive or negative modulation. [7] [8] [9] [10] These types of antibodies have been classified as selective INSR modulators. 11 Naturally occurring antibodies have been shown to activate the INSR, including both spontaneous human autoantibodies and mouse monoclonal antibodies. In humans, autoantibodies to the INSR typically bind at the orthosteric insulin binding site. In most cases, these autoantibodies cause severe insulin resistance and diabetes despite compensatory hyperinsulinemia. [12] [13] [14] [15] Orthosteric INSR autoantibodies isolated from humans have been studied in rats, and have been shown to be weak agonists that cause hypoglycemia at low concentrations and hyperglycemia at high concentrations. 16 Thus, these types of orthosteric antibodies are not likely to be candidates for the treatment of hyperlycemic diseases.
The major disease of altered glucose metabolism is type 2 diabetes mellitus (T2DM) in which there is both insulin deficiency and cellular resistance to insulin. 17 The temporal sequence of insulin resistance and impaired insulin secretion in T2DM is still being debated. On one hand there is evidence that in T2DM patients, the disease is preceded by insulin resistance that is compensated for by increased insulin secretion from pancreatic beta cells. 18 Initially, this compensation maintains glycemic control. However, in many patients, progressive beta cell dysfunction occurs, resulting in hyperglycemia and ultimately clinical diabetes. On the other hand, there is evidence that hyperinsulinemia is a cause of insulin resistance. In this case, the development of insulin resistance is an adaptation to prevent hypoglycemia in the presence of abundant insulin as a result of diets that promote high levels of insulin secretion. 19 Insulin initiates the regulation of cellular glucose metabolism by binding to the INSR on the cell surface, causing a conformational shift that leads to activation of the receptor's intrinsic kinase activity. 20 When activated, the INSR undergoes autophosphorylation, followed by the recruitment and phosphorylation of INSR signaling molecules, including the insulin receptor substrate (IRS) proteins and subsequent activation of members of the phosphotidylinositol 3-kinase (PI3K)/Akt pathway. 20, 21 Activation of this pathway by insulin results in the translocation of glucose transporters to the cell surface with subsequent uptake of glucose and other antidiabetic functions. 22, 23 Thus, allosteric monoclonal antibodies to the INSR that either directly activate this INSR or potentiate insulin binding and action could theoretically be effective antidiabetic agents.
Another disease of altered glucose metabolism is hypoglycemia due to insulin excess from both endogenous and exogenous sources, which is not an infrequent clinical condition. [24] [25] [26] [27] Allosteric monoclonal antibodies that either directly inhibit the INSR or decrease insulin binding and signaling of this receptor, would theoretically be effective antihypoglycemic agents.
We have recently described allosteric modulating antibodies targeting the INSR. These antibodies were identified by panning naïve human antibody phage display libraries using the recombinant extracellular domain of the INSR complexed to insulin. 7, 9, 10 This approach was employed to minimize obtaining antibodies to the INSR orthosteric site. Three allosteric antibodies will be described here; XMetA and XMetS, antibodies that activate or positively modulate the INSR and XMetD, an antibody that negatively modulates the INSR. These antibodies regulate the human INSR as well as the INSRs of other mammalian species.
Allosteric Antibodes to the INSR

XMetA: A Positive Allosteric Activator of the INSR (PAA)
XMetA is high affinity antibody that specifically binds and activates CHO and other cells expressing the human INSR and INSRs of other species. 7 XMetA did not alter the affinity of insulin binding to the human INSR ( Figure 3A ). Moreover, XMetA partially activated the INSR as demonstrated by enhanced INSR autophosphorylation ( Figure 3B ). This activation did not block insulin action. 7 Similarly, XMetA partially stimulated the phosphorylation of Akt, a major intracellular mediator of INSR signaling ( Figure 3C ). This activation of pAkt allowed XMetA to fully stimulate 2-deoxy-D-glucose uptake ( Figure 3D ). Although XMetA activated pAkt, in contrast to insulin it did not significantly activate pERK. 7 While XMetA had a major effect on the INSR, it had no effect on the closely related IGF-1R receptor. 7 To evaluate the in vivo activity of XMetA, we utilized an animal model of insulinopenic, insulin-resistant diabetes, the multi-low-dose streptozotocin, high-fat diet (MLDS/HFD) mouse. 28 In this diabetic animal, fasting blood glucose levels were elevated to nearly 500 mg/dL compared to normal animals whose fasting blood glucose levels were approximately 150 mg/dL. Treatment with XMetA lowered fasting glucose levels to near normal levels ( Figure 4 ). It also reduced nonfasted glucose levels and improved other metabolic indices in the diabetic animals, including plasma non-HDL cholesterol, free fatty acids and beta hydroxy butyrate. 7 Consistent with the decrease in glucose levels, XMetA had a major effect to decrease hemoglobin A1c. 7 In studies using an animal model of only insulin resistance, the diabetes induced obesity mouse (DIO), XMetA also reversed hyperglycemia. 8
XMetS: A Positive Allosteric Modulator (PAM) of the INSR
XMetS is another allosteric INSR antibody that binds CHO and other cells expressing the human and mouse INSRs. 10 In contrast to XMetA, XMetS did not have any major effects on human INSR signaling in the absence of insulin. However, XMetS enhanced insulin binding affinity approximately 18-fold ( Figure 5A ) due mainly to a decrease in the insulin dissociation rate. 10 This increase in affinity resulted in 14-fold increase in INSR autophosphorylation ( Figure 5B ). Moreover, XMetS induced a greater than 30-fold increase in the sensitivity of insulin-stimulated Akt phosphorylation ( Figure 5C ). These observations suggested that XMetS had a major effect on insulin binding, but also had a small additional effect on insulin signaling. As a result of these effects, XMetS markedly enhanced insulin-stimulated 2-deoxy-Dglucose (2DG) uptake ( Figure 5D ).
To evaluate the in vivo activity of XMetS, we studied its effect using the insulin resistant DIO mouse model of diabetes. XMetS improved glucose tolerance in these animals ( Figure 6A ). Moreover in these animals, XMetS may have potential beta cell sparing activity as treated mice had decreased insulin ( Figure 6B ) and C-peptide levels. In addition, we studied the effects of XMetS in MLDS/HFD diabetic mice. In these animals, fasting hyperglycemia was markedly reduced and the blood glucose response to exogenous insulin was improved. 10
XMetD: A Negative Allosteric Modulator (NAM) of the INSR
We next investigated XMetD, a negative modulator of the INSR. 9 In CHO cells expressing the human INSR, XMetD negatively shifted the EC50 by ~ 3-fold ( Figure 7A ). However, the interaction of XMetD with the INSR resulted in a greater than 40-fold decrease in the sensitivity of insulin-stimulated INSR autophosphorylation ( Figure 7B ). The much greater inhibition by XMetD on insulin-mediated INSR autophosphorylation relative to its inhibitory effect on insulin binding to the INSR suggested that the antagonistic effects of the antibody were mediated both by its negative modulation of insulin binding and by its negative modulation of INSR activation. To investigate this negative modulation, the effects of XMetD on INSR efficacy were further characterized. XMetD induced a greater than 100fold decrease in the sensitivity of insulin dependent Akt phosphorylation ( Figure 7C ). We also assessed whether XMetD inhibited the IGF-1 receptor (IGF-1R); XMetD did not antagonize IGF-1 mediated activation of Akt, indicating that the inhibitory effect of XMetD was specific to the INSR. 9 XMetD antagonized insulin stimulation of glucose uptake ( Figure 7D ) by 70-fold. Thus, these studies indicated that inhibition of insulin stimulated INSR activation by XMetD resulted in greatly diminished metabolic signal activation.
To explore whether XMetD would antagonize hypoglycemia induced by insulin excess, we created a mouse model of hyperinsulinemic hypoglycemia by the insertion of slow release insulin implants into normal mice. In this model, the implants continually release insulin for over 2 weeks providing a sustained exposure to high concentrations of the hormone. Three days post implantation; the mice were hypoglycemic with blood glucose levels in the range of 50 mg/dL (Figure 8 ). In fasted mice with implants, following a 1-week treatment with control IgG, blood glucose levels remained in the range of 50 mg/dL. In contrast, following a 1-week treatment with XMetD, fasted mice with implants were no longer hypoglycemic (Figure 8 ). 9
Discussion
We have described 3 different classes of allosteric antibodies to the INSR. These antibodies include XMetA, a PAA; XMetS, a PAM; and XMetD, a NAM. Each of these classes of antibodies may have clinical efficacy in diseases of altered glucose metabolism.
In the treatment of diabetes, novel and improved therapeutic modalities for those individuals with impaired insulin secretory function would be helpful. Currently, long-acting basal insulins are given daily, and are often associated with poor compliance, hypoglycemia, and weight gain. 29 To more effectively control basal hyperglycemia, either very long acting new insulin analogues or other novel agents that stimulate the INSR could be of benefit. Fully human antibodies typically have a half-life greater than 1 week and relatively low immunogenicity in humans. 30 Thus, a fully human monoclonal antibody that activates the INSR has the potential for dosing in humans at once weekly intervals or less.
XMetA, a PAA, both activated the INSR and allowed the binding of insulin and its subsequent signaling. Moreover, XMetA activated the INSR in a manner that was different than insulin, an effect that could be the result of a distinct structural state of the INSR induced by the binding of XMetA. In animal models of T2D, XMetA reversed hyperglycemia and improved the metabolic profiles. 7, 8 Moreover, the blood glucose response to exogenous insulin was improved. 7, 8 These observations suggested the interesting possibility that antibodies such as XMetA, by activating INSR, both in vitro and in vivo, have the potential to improve glycemic control in a model of insulinopenic diabetes without causing hypoglycemia or promoting weight gain. To our knowledge, XMetA is the first fully human monoclonal antibody to the INSR reported to correct hyperglycemia and improve diabetes in vivo. These observations suggest that antibodies like XMetA, either alone or in combination with short acting insulins/oral agents, may represent a novel strategy for controlling blood glucose levels in insulinopenic diabetes.
XMetS markedly enhanced the affinity of insulin for the INSR. XMetS slowed the rate of dissociation of insulin from the INSR. Thus, XMetS was a PAM of the INSR. XMetS also markedly enhanced INSR autophosphorylation, pAkt activation, and glucose uptake several-fold. XMetS slowed the rate of dissociation of insulin from the INSR. 10 In humans, insulin may promote tumor progression via the INSR, while insulin analogs with INSR dissociation rates slower than insulin may have greater mitogenic activity. 31 Thus we studied the effect of XMetS on insulin-stimulated proliferation in MCF-7 breast cancer cells and Saos-2 osteosarcoma cells, 2 cancer cells lines that are commonly used to determine the mitogenic effects of insulin analogs. 32 We observed that XMetS did not enhance the effect of either insulin or IGF-1 on the proliferation of these cell lines. 10 One potential explanation for the lack of effect of XMetS on ligand induced proliferation of cancer cells may be related to the relatively limited effect of XMetS on insulin-dependent ERK activation. 10 Another explanation is that XMetS does not activate hybrids of INSR and IGF-1R, which are commonly formed in these cancers cell lines. [33] [34] [35] In the DIO mouse, a model of obese insulin resistance and hyperglycemia, XMetS reduced fasting blood glucose levels Normal male C57BL/6 mice were given insulin implants and fasting glucose levels were measured after either no treatment, treatment with 10 mg/kg XMetD intraperitoneally, or treatment with control IgG. Open bar, untreated normal mice; black, untreated mice with insulin implants; yellow, implanted mice treated with control IgG; red, implanted mice treated with XMetD. and normalized glucose tolerance. Improved glycemic control in these animal models was accompanied by reduced insulin and C-peptide levels, suggesting that XMetS increased insulin sensitivity and lowered the requirement for insulin. These observations suggest that XMetS could improve glycemic control, prevent compensatory hyperinsulinemia, and, in early ti midstage T2DM pateinets, possibly delay or obviate the need for exogenous insulin therapy by preserving beta cell function in early to midstage T2DM patients.
XMetD, a NAM, markedly antagonized insulin-dependent INSR autophosphorylation and downstream metabolic effects, including Akt phosphorylation and glucose transport. XMetD was effective at blocking hypoglycemia induced by insulin excess in mice that were made hyperinsulinemic by the insertion of sustained-release insulin implants. This observation raises the possibility XMetD may be useful for the long term treatment of hypoglycemia caused by insulin. There are several conditions of sustained endogenous hyperinsulinemia where current therapies are not always adequate. These conditions include insulinoma, 26, 27, 36 excess secretion of IGF-II 37 and congenital hyperinsulinemia (CHI). [38] [39] In the latter condition, particularly in those patients with defects of the ATP-regulated potassium channel, control of hypoglycemia can be extremely difficult. 39, 40 Preliminary studies in the SUR-1 knockout mouse (an animal model of CHI) indicate that XMetD treatment prevents fasting hypoglycemia in these animals. 41 Not infrequently, diabetic patients treated with either insulin or insulin-releasing agents develop symptomatic hypoglycemia. On occasion, this hypoglycemia can be severe and sustained, requiring either visits to the emergency department and or prolonged hospitalization. 26, 42 Thus it is possible that antagonist allosteric INSR antibodies could be a potential new treatment for patients with hypoglycemia due to exogenous hyperinsulinism. In this case, a short acting version of XmetD with a faster clearance rate may be needed. Additional studies with this class of antibodies will be required to understand their optimum use in the clinic.
Conclusion
In this review, we have focused on allosteric modulation of the INSR both in vitro and in vivo by 3 types of monoclonal antibodies. XMetA, a PAA, directly activated the INSR and was effective in ameliorating diabetes in mouse models. Such an antibody may be used either alone or in combination with other agents for insulinopenic diabetes. XMetS, a PAM, enhanced insulin binding to the INSR and was also effective in ameliorating diabetes in mouse models. Such an antibody may be useful in the earlier stages of diabetes in which insulin secretion is still occurring. Finally, we studied XMetD, a NAM that inhibited both insulin binding and insulin-induced INSR signaling. Antibodies such as XMetD may prove useful to treat condition of hyperinsulinemic hypoglycemia.
These data with allosteric antibodies to the INSR suggest that monoclonal antibodies to receptors can be used in conditions of metabolic dysfunction. There are other metabolic conditions in which altered regulation of receptor signaling occurs. 43 It is possible, therefore, that allosteric monoclonal antibodies to receptors may have broad clinical utility.
Abbreviations INSR, insulin receptor; NAM, negative allosteric modulator; PAA, positive allosteric activator; PAM, positive allosteric modulator; T2DM, type 2 diabetes mellitus.
